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Abstract 


A brief reviM of the effects of physical aging on the Material 
properties of some linear and network macromolecular glasses Is presented. 
The free volume concept Is used to describe this behavior. The effect 
of physical aging on properties of some uniaxial graphite/fiber epoxy 
resin composites Is investigated using stress-relaxation In both tensile 
and flexural modes. The matrix polymers used for this study were 
Hercules 3501 and NARHCO 5208 resins both of which are based on a 
4,4' -methyl enedi aniline derivative of epichlorohydrin with dlairi no- 
di phenyl sulf one (DOS) as the curing agent. The matrix resin, as 
used In the practical application In composites, was found to be not 
fully cured and the glass transition of the network was found to be 
dependent on the curing schedule. The physical aging of the bulk 
crosslinked epoxy was found to depend on the sub-T^ annealing temperature, 

T., and the T_ of the resin. The physical aging of the congxislte, 
a g 

monitored by the stress relaxatlwt method, was found to be dependent 
on the testing direction. W)wn the test direction was perpendicular 
to the fiber direction (series model), the composite showed a considerable 
amount of stress relaxation In that It displayed a significant change 
In the percent stress relaxation with time. However, the value of the 
percent stress relaxation was found to be lower than that of the bulk 
resin. No aging effect was observed when the test direction was parallel 
(parallel model) to the fiber. Thus although the matrix does display 
changes In properties with time, the conawslte, depending on the test 
direction, may or may not provide evidence of physical aging. 


INTRODUCTION 


In principle eny nattrlil thit can undergo vitrification Is susceptible 
to the later process known as physical aging. This phenomenon arises due 
to the slfople fact that when a system Is cooled from the liquid or rubbery 
state Into the glassy state, It Is difficult for the molecular system to 
maintain equilibrium as vitrification proceeds (1). This occurs because 
of the Increase In viscosity as the glass temperature Is approached 
which In turn limits the mobility of the molecules and their ability 
to acquire equilibrium packing and their lowest energy conformational 
states. 

In essence It Is possible that both an excess free volume (volume 
over and above that of the Van der weal 's radii) as well as an excess 
enthalpy (due to nonequilibrium conformational states and excess volmee) 
exist Immediately following the vitrification process. The presence 
of this nonequilibrium state leads to the process of what Is often 
called physical aging. While we will be addressing thts process with 
regard to polymeric substances. It should be stated that It Is not 
unique to only macromolecular systems. Indeed It Is widely accepted 
that Inorganic glasses physically age as do many of the low molecular 
weight organic systems which can also show vitrification. We will, 
however, focus our remarks on macromolecular systems where It has been 
within the last decade or so that considerable attention has been 
given to the physical aging process. More specifically, 
following this introduction, we will address the prominence of physical 
aging In high strength fiber- reinforced composites utilizing two epoxy 
matrix resins. 


Early oiullnaar anorplious polyatrs such as thosa of pulystyrtfit 
(1, 2)t polyMthylaathacrylata (3}» polyvinylacttata (4), 
aaorphous polytthyltnt taraphthalati (PET) (1,5), and polycarbonitt 
(6) hava baan danonstratad to display physical aging. Nora 
spacifictlly physical aging can oftan ba rtcognizad as occurring 
by folloirtng tha tiaa^dapandant changas within aachanlcal, 
sorption or dialactric proparti as. For axanpla, Figura 1 prasants 
tha stress-strain curves for savaral amorphous PET samples that 
have undergone sub-T^ annealing at 23*C following rapid quenching. The 
sub-T^ annealing times range from 10 to 70,000 minutes (7, 8). 

From this figure It is clear that as aging progresses, tha modulus, 
yield stress and characteristic draw behavior change considerably, 
thereby Imparting an entirely new set of properties to the 
material . 

Similar though not as dramatic changes have been observed 
In sam1 crystal Una PET as well (9). Tha smaller change In behavior 
with sub <7 annealing, however, arises from the fact that there 
is less amorphous material present to un(tergo physical aging as 
that particular component restores Its equilibrium state. 

Tha stress-strain behavior cf linear high molecular weight 
epoxies also parallels thosa of tha more common linear systems 
already denoted. Trends discussed earlier can be seen In Figure 2 
which displays the stress -strain curves for one linear epoxy resin 
(AEP-6) that has been Investigated by the authors (10). 


Epoxy rtsins art nort coMnnly crosslinkad and thtsa nttMork 
glassas also undtrgo physical aging as has boon first systmatlcally 
dMonstratad by work fron tht authors' laboratory (11). Epon 828 
rosin curtd with nadic nothylanhydrldo (NMA) Is ont such systM. 

Tht two stross-straln curves for this natorlal shown In Figure 3 
Indicate the very pronounced effect of a 56 day sub-T^ annealing 
carried out at room tamperature (11). The data clearly 
Indicate a significant difference In the deformation behavior, 
with specific regard to this paper. It should be recognized 
here that it is similar epoxy-based resin? that serve as the 
matrix for many of the high strength resin composites of industrial 
interest. 

Increases in moduli are rather consistently noted in materials 

undergoing the physical aging process. Consequently, aside from 

comparing entire stress-strain curves, one can generally demonstrate 

the physical aging process by plotting the modulus versus sub-T^ 

annealing time. Figure 4 displays an example of such a plot for 

a crossl inked epoxy resin (10). In addition, it shows that the 

effect of moisture on aging is rather insignificant for this 

particular system since the sub-T. annealing was carried out 
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both in the dry and wet states. 

Returning to the origin of this nonequilibrium phenomenon, 
it should be realized that the excess volume and enthalpy addressed 
earlier will influence the given properties of the system at any 
given time. As Indicated in Figure S, as the system is cooled 
into the glassy state, the rate of cooling will influence the 



dcgrtt of nontqu111br1un chirocttr and thtrtfort tht driving forct 
for tht systw's approtch to tqulllbrluii (1). Howtvtr, othtr factors, 
such as tht sub-T^ anntaling ttmptraturt, art Important varlabits In 
rtgard to tht ratt at which a systam may approach tqui librium. It 
Is this tint dtptndtnt shift toward tquillbrium that products changts 
In proptrtits of tht system dut to tht fact that both tht enthalpy 
and the excess volume (free volume) Is decreasing with time. 

Selecting the variable of fret volume as being Indicative of 
physical aging one can demonstrate changes In free volume through 
absorption experiments. For example. Figure 6 shows a plot of 
the percent weight gain of methyl ethyl ketone (MEK) versus sub**T^ 
annealing time for samples of Epon 828 cured with NMA (11). It Is 
noted from these weight gain data that the rate of absorption Is 
greatest for the samples with the smallest degree of sub-T^ annealing 
time thereby Indicating a higher available free volume. 

Stress relaxation tests can also be used as a means of monitoring 
the physical aging process. This concept can be understood simply from 
the fact that at a given temperature, a system will relax under an 
applied load at a rate that will be coupled to the available free volume 
(8, 12). The type of data that can be obtained from such an experiment 
Is shown In Figure 7 along with the means of calculating the percent 
stress relaxation. Within our own laboratory, we have employed the 
method of stress relaxation to monitor physical aging (9-11). The 
stress relaxation duration that has been utilized Is that of 10 minutes 
In contrast to the total stress relaxation curve. This time window Is. 



of courst, eonvcnlint but It dots not providt tht totti picturt of tilt 
tiM doptndtnt chtngts In proptrtits thtt tty occur is his bttn disctisstd 
In previous piptrs (9-11). Such in ipinroich, howtvtr, dots yitid i 
silf-conslsttnt body of diti. For txMplt* Pigurt 8 dlspltys tin 
ptremt stress relixitlon occurring In 10 olwitts versus tht logerltha of 
sub-T^ iimtillng tiM for i pertlculir crosslinktd rtsin. Thtst diti 
Mere obtilntd on neterlels slwilir to those utilized In Figure 4 end 
igiln It cleirly Indlcetes thit the effect of aolsture ploys i smII 
role it best In ttmis of the physicil iglng process when contresttd 
to dry siMplts. 

Flnilly Figure 9 presents soot iddltlonel stress relixitlon diti 
for the Sim syston but In this case the virlible of staple thickness 
Mis investlgited (10). It Is noted thit the diti ire 1r^^>endent of 
staple thickness and that igiln there Is i 1 1nter behivlor when this 
diti Is plotted is a function of the log of the sub^^ anneal 1i^ tiae. 

Had internal stresses been the cause of the change In the properties 
with time one muld have expected to see differences for these swples. 
This is not to say, however, that Internal stresses never contribute 
to tiae dependent behavior (13, 14) but rather that the data given In 
Figure 9 do not suggest this pareaeter to be of laportance. 

Now that the basis of physical aging behavior has been Introduced 
and demonstrated for some rather comion epoxy bulk resins, we will now 
direct our attention to epoxy based composites to note if the sam or 
similar behavior occurs. 


EXPERIMENTAL 


MitarUls 

Tmo uniaxUl griphltt f1btr-rt Info retd tpoxy coaipositts wtrt 
utilized In this study. Both of these systens were received fron 
NASA/Langley. One of these mss based on 8-p1y speclnens of a uniaxial 
graphite fiber conposlte utilizing Hercules 3501 resin — one of the 
more connon high strength composite resins. The two main constituents 
of the resin are the epichlorohydrin derivative of 4.4'-d1an1nod1pheny1 
methane (a tetrafunctlonal epoxy) and d 1 ami nodi phenyl sulfone, DPS (also 
a tetrafunctlonal aromatic curing agent). The chemical structure of 
the epoxy and the curing agent are given In Figure 10. The epoxy 
apparently was not completely cured because the T^ of the resin was 
found to be around 84*C. The other graphite fiber composite used In 
this study was prepared using f1ber/NARMC0 5208 resin, another well 
known composite res'-’n. The curing of the latter system was carried 
out In our laboratory (after constructing specimens as described 
later) according to a schedule prescribed by NASA/Langley. The 
Impregnated plys of graphlte/NAI^O 5208 which were received In 
dry Ice were warmed to room temperature and were then stacked In 
a uniaxial fashion (4 or 6 plys) . They were then placed between 
Teflon sheets of 5 ml thickness, cut In the desired dimensions and 
directions and sandwiched between two flat metal sheets. The thickness 

of the top metal sheet was chosen so that the force exerted by the 
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top sheet was around lOg/on . The samples were heated for 4.5 hours 
at 149®C (300®F) after which the temperature of the oven was raised 



to 177*C (350*F) «nd ktpt thtrt for an additional 1.S hours. Tht 
sanplts wart than takan out of tha ovan and quanchad to roon tMparatura 
In a1r. Tha bulk (pura) 5208 rasin saaplas wera prtparad by tha following 
procadura. Ibicurad rasin which was racaivtd In dry lea and storad 1n 
a fraazar was allowad to wan up to roon tanparatura. A dasirtd aaount 
of the rasin was walghad Into a baakar than haatad In a vacwM ovan at 
120*C and tegassad for a parlod of 10*20 mlnutas until no gas avolvad. 

The resin was then poured into a Oow Corning RTV 3110 silicone rubber 
mold which was preheated to 149*C. Tha curing ms carried out at 
149®C for 4,5 hours after which the tewporature was raised to 177*C 
and kept there for an additional 1.5 hours. Quenching was done by 
placing the hot mold between two large metal pieces at room temperature. 

The samples wera removed from the mold after they had cooled (approximately 
1/2 hour). All the samples were storad In a desiccator prior to use. 

The Hercules 3501 composite samples had to be cut after they were 
cured. To cut the samples, the sheet of the composite was sandwiched 
between two stainless steal dog*bona templates. The composite sheet 
was then sawed off around the templates using an ordinary electric saw. 

This was done to minimize formation of cracks In the samples. The 
samples ware cut with tha dog -bona axis In both tha direction of tha 
fibers (parallel. ||) and perpendicular to the direction of tha fibers 
(perpendicular, J^). Tha size of the template was such that the final 
sample had a width of 0.65 cm and effective length of 4.0 cm. 

The NARHCO 5208 composites ware cut Into appropriate dimensions 
prior to curing. To prepare samples for tensile studies, the sandwich 
of Teflon-composIte-Teflon was placed between the dog-bone templates. 


Tht su 9 lt Mas than cut by sliding a sharp razor blada around tht 
timplatas. Sanplts Mart prtpartd again In tht paralltl and ptrptndicular 
directions. Tht effective size of these samples mss the sane as those 
prepared from Hercules 3501. The number of plys used In the parallel 
and perpendicular samples mas 4 and 6. respectively, Mhich resulted 
In respective thicknesses of 0.7 im and 1.1 mm 1n the final samples 
following curing. 

The size of the samples used for flexural tests was 7.5 cm x 2.5 cm. 
These samples were constructed from 4 plys which resulted In a sample 
thickness of ra, 0.8 am after curing. Samples for both parallel and 
perpendicular directions were cut prior to curing. Samples of pure 
resin were cured in rubber molds and had the dimensions 7.S x 
2.5 X 0.1 cm. All NARNCO and Hercules samples were annealed for 
10 minutes at 200 and 100”C, respectively, quenched in cool water, 
quickly dried and aged within a vacuum desiccator. 

Heasurewents 

The thermograms of the samples were obtained using a Perkin 
Elmer DSC-2. The rata of scanning was 10*/m1n. 

The stress relaxation measurements were made on an Instron Model 
1122. The stress relaxation tests were done in the tensile mode, but 
for some samples the test was also per*ormed In the flexural mode. 

For the stress or relaxation In the tensile mode, the sample was clamped 
between the Jaws of the Instrument so that effective initial length of 
the sample was 4.0 an. A fixed strain (0.25 or 0.50} was applied 
rapidly ( cross *hcad speed 10 nn/min) and the "initial" and the time 


d«ptndtnt strtss wtrt Monitortd for • ptriod of 10 Hlnuttt. Tht 
ptrctnt roltxitlon In 10 «1nutti mu thin cilcuUttd according 
to Pigurt 7. Uhilt tht tiM suit of 10 irinutu Is short rtlatlvt 
to tht cosiplttf rtlaxatlon curve. U has provided a good Index of 
physical aging behavior as discussed In put studiu. Most of the 
stress relaxation tuts Mere urried out at aablent conditlou. 

The stress relaxation studies via the flexural tuts Mere perfomed 
1n the manner descrl bed belOM. 

Flexural testing was performed using an Instron machine operated 
with a tensile lud cell and fitted Mith tMo alumlnum/stalnlus steel 
pieces. The loMtr and stationary piece formed a base and held tMO 
stainless stul rods 0.6 cm In diameter and 6.35 cm apart, center to 
center. The upper and mobile piece held a third stalnlus rod, also 
0.6 cm in diameter and parallel to the tMO bue rods. To run the 
flexural test, the mobile rod Mas lomered to a position beloM that of 
the tMo stationary rods in the base piece. As Illustrated in Figure llA, 
a sample was tnen placed above the single rod and below the pair of 
base rods. The geometry Is then very similar to the coaiaon three- 
point bend test (15), the differences being the relative positions of 
the thru "points” and the sample as well as tN motion of central 
point. 

In the case of a composite material, It Is Important to note the 
orientation of fibers with respect to the direction of the flexural 
ro/.ls. Figure 11B illustrates the authors’ notation for the two possible 
situations. 


This ttst allOMS an accurata ztroing of sanplts In mchanlcal 
testing. With a sample In place betMeen the rods* the mobile piece was 
raised at a crosshead speed of 10 aa/m1n. until a stress response was 
observed on the Instron's recording chert. The upper piece was then 
generally lowered 0.1 m to ensure that no stresses were Imposed on 
the sample prior to the beginning of testing. 

Flexural stress*stra1n curvet on samples aged 10 minutes (crosshead 
speed, 10 m/mU) showed that the behavior was linear to at least 6 
or 7 Rm central deflection for both the pure resin and the composites. 
Accordingly, 5 mm wes chosen as a standard deflection to be sure that 
all testing was done In the linear region. 

The flexural device was used to measure the^en-mlnute stress relaxation 
of NARMCO samples aged for various times. At a crosshead speed of 100 mm/min, 
samples were deflected to S uni In a deformation time of 3 seconds. This 
deformation was held for 10 minutes and the percent stress relaxation 
calculated. 

The volume fraction of the resin In the graphlte/NARfCO 5206 system 
was determined by removal of resin from an uncured composite using 
acetone as a solvent. Taking the density of the cured resin as 1.3 g/cc 
and that of graphite as 1.8 g/cc (both determined using a volume 
displacement method), the volume fraction of the resin was determirmd 
to be around 0.47. 

The value of strain placed on bulk sai^les In the tensile relaxation 
experiment was 0.5 percent. The strain imposed on the coo^sltes 
In the perpendicular direction was chosen at 0.25 percent value. This 


Mts dont taking Into account a tariff modal In Mhlcti tha daformatlon 
Mas assumad to ba concantratad In tha ratin matrix. A strain of 0.25 
parcant Mas alto apnllad to tha composita in tha parallal dlractlon 
bacausa at highar axtanslons consldarabla slippaga of tha saivpias 
occurred. 

Rasul ts and Discussion 

Tha machanleal proparti as and tha aging behavior of tha composites 
art dependent on tha sub-T^ annealing tamparatura. T^. relative to tha 
transition temperature of tha rasin. Since the rate of attainment 
of equilibrium Is Initially dependent on the tenperature Inc r em en t 

AT ■ T - T-, either a decrease In T^ and/or an Increase In T. Mould 
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potentially result In a variation of aging behavior. 

The glass transiton tempera ture of a fully cured bulk NARNCO 5206 
resin (chemical structure of major constituent Is given In Figure 10) 

Is found to be around 240*C. The transition temperature of the resin In 
the composites Is, hoMevar, far amay from that of the fully cured 
state and Is dependent on the curing condition employed In the preparation 
of the naM composites. A comparison of the transition tamparatura of 
• composite prepared according to tha NASA/Langlay procedure to that of 
i resin Mhich Is essentially fully cured Is made In Figure 12. Tha 
bulk resin, for example, Mhich has bean cured for 4.5 hours at 149*C 
and 1.5 hours at 177*C, displays an exothermic behavior above 180*C 
(just a feM degrees above the highest curing temperature). This Indicates 
that the sample is not yet fully cured and Mhen enough thermal energy 


is supplied to the chains, the unreacted portions gain enough mobility 
to continue the reaction of the as yet unreacted species. The energy 
released from the subsequent chemical reaction is displayed as exothermic 
behavior. Thus the practical glass transition of such partially cured 
samples lies close to the highest curing temperature as described by 
Gill ham (16). In order to study the effect of sub-T^ annealing on the 
physical aging behavior, the resin is generally heated for 5>10 minutes 
at 10-15**C above its T^ to erase past history and it is then quenched to 
the selected annealing temperature T,. The time the sample is quenched 
is taken as time zero and thereafter the properties are measured against 
the sub-T^ annealing time (11). Since neither of our composites were 
fully cured, it was necessary to differentiate the effect of possible 
chemical aging from physical aging in our systems. One possible way 
of reducing chemical aging would be to fully cure the epoxy as done by 
Kong (17). Such a sample will not undergo further curing when it is 
heated to erase past histroy or when it is being aged. Unfortunately 
there are two problems associated with this manner of procedure. First, 
the curing procedure employed for preparation of a composite has been 
selected with optimization of the material properties. That is, under 
that specific curing procedure, and therefore a given apparent T^ of 
the resin, the material properties of the system may be most desirable 
when the fully cured condition is not achieved. For example, possibly 
further curing may result in a more brittle system and therefore the 
aging study of such a system may not be relevant to practical applications. 



Stcondly, whtn a systam 1s fully curad Its bacoaias highar and 
therafore for a givan at ona has to choosa a highar annaaling tamparatura. 
Moraovar. if tha systam Is fully curad* It does not guarantaa that no othar 
chanrical raactlons can occur. Indaad wa hava obsarvad that annaaling 
at abova 120*C for a parlod of ona waak* avan In vacuum ^ .SnmHg)* 
rasultad In a noticaabla discoloration of bulk NARMCO 5206 In tha first 
0.2 • 0.5 mm of tha sample thickness. Because of these complications* 

It was decided to study the aging behavior of these composites prepared 
according to the "standard" prescribed procedure. To Investigate the 
effect of possible chemical aging* a sample of NARMCO 5208 resin which 
was cured according to the prescribed schedule* 'vl85**C« (Figure 12* 

curve A) was heated for 10 minutes at 200^C (about 15”C above T ). 

In this way we Introduced a heating cycle which was needed to erase 
the past history of the sample. A DSC rerun of this sample shows 
that the apparent of the sample had been raised to 200”C (as 
expected due to further curing). However, when such a treated 
sample was aged for 1 week at ambient or even when It was aged for 
that period at 100*’C no noticeable changes In the thermogram of the 
sample ware apparent (Figure 12* curve C). Therefore chemical aging 
of tha sample under those conditions was considered negligible. 

Therefore aging of the NARMCO samples followed a 1C minute pre-treatment 
of the composite at 200®C. 

The effects of sub-T^ annealing temperature on physical aging are 
illustrated In Figure 13. Bulk samples of NARMCO 5208 which had been 
treated Identically and, therefore, had the same T^, 195-200®C, were aged 



tt '\<2S*C (Tp) and 100‘C ('T-iqq). It should bt rtcallad that, as indicattd 
btfore. this 100*C sub-T anntaling dots not caust any significant 
change in the chemical structure of the polymer and therefore a 
difference in mechanical behavior is related to physical aging of 
the resin. At early aging times ( 'or example, 10 or 100 minutes), 
the samples at higher sub-T^ annealing temperature (100*C) display 
lower percentages of stress relaxation than samples stored at Tp. 

This indicates that a sample aged at a higher annealing temperature 
has densified (or has lost free volume) more than a sample aged at 
a lower temperature during the short aging periods used here. At 
longer aging times (for example, 10,000 minutes), the percentages of 
stress relaxation in samples aged at Tp and have apparently 
become closer in value to each other. Therefore the data in Figure 
13 indicated that at an early aging time, the sample at the higher 
sub'T^ annealing terperature has come closer to its true equilibriiar 
state than the sample at the lower annealing temperature. However, 
the rate of aging (that is the slope of lines in Figure 13} 
is higher for the sample at the lower annealing temperature. 

Thus it is conceivable that at very long aging times, for exaiq)le 
10^ minutes, samplu aged at Tp may show more embrittlement than 
samples aged at To explain this phenomenon we will utilize 

the volume-temperature plots given in Figure 14. Let us assume 
that the resin sample is cooled down from somewhere above T^. Once 
the temperature of the sample is lowered below T^, the volume of the 



rtsin will follow tht solid lint (nontqulllbrltin) tnd, at any givtn 
t«iperaturt» will davlatt from tht tqulllbrlun volunt (broktn lint 
In Figurt 14A & B). Initially tht saiRplt would bt tithtr at point 1 
or 2 dtptnding on whtthtr tht anntaling Is dont at 100*C or at 
» 25*C. Figurt 14A rtprtstnts tht volunt statt of tht stnplt 
at on teatly tims. That is afttr a short aging ptrlod tht stnplt 
anntaltd at tht hlghtr tanptraturt will bt at tht point and tht 
sample at will bt at point Bgg. Tht largtr dtcrtast In volunt for tht samplt 
at the higher annealing temperature Is due to the fact that at higher 
temperatures more thermal energy Is available for tht molecules to 
undergo Brownian motion and thus more readily approach equilibrium. 

The lower the temperature (i.e. at 25**C) the less thermal energy 
is available to overcmee viscous forces even though at this tem- 
perature the volume of the sample Is farther away from Its equilibrium 
state. Thus when the sample at 100*C is quenched in cold water after 
a short period of aging (for example, 10 min) in order to determine 
its stress relaxation, the volume decreases following a path that 
we will presently assume is parallel to the line between points 1 
and 2. After this short annealing time, the sample aged at 100*C 
has densified to a greater extent and consequently has lost more 
volume (or free volume) than the sample aged at T|^ for tht same 
period of time (points and 82^ in Figure 14A.) The sample aged 
at 100**C will therefore show a lower percentage of stress relaxation 
than one aged at T|^ because the lowering of free volume restricts the 
mobility of macromolecular segments. At a longer aging time (see 
Figure 146) the sample at the elevated temperature T^qq has come 


vary dost to Its tou 1 librium voluna, whartas tha sampla at 
Is still vary far away from Its aqui librium voltma stata and thara- 
fora continuas Its dansificatlon procass. That Is, at a longar sub-T^ 
annaallng tlma, tha voluma (or fraa voluma) occuplad by a sampla 
agad at ^^*25 ^iQura 146) and tha voluma takan up by tha sampla 
agad at T^qq and quanchad to 25*C (A* 25 ) closa to aach othar.*^ 

This maans that at longar aging timas both samplas may show similar 
bahavlor as scggasted by tha data In Figura 13. 

To elaborate on tha above discussion, a schematic representation of 
the dependence of the voluma change, |AVi » |V^ • V^j, Is shown in 
Figure 14C where Is the initial voluma of tha glass after quenching 
to a given temperature and Is tha voluma at any given time at that 
temperature. Figure 14C presents changes In OV from time zero to 
infinity. This time-line can be broken Into three regions, two of 
which are, at present, experimentally Inaccessible to us. Data 
given in Figure 13 Indicates that In the first ten minutes of aging 
those samplas agad at T<|qq lose free volume much more quickly than 
those agad at T|^, presumably because of tha higher thermal energy 
available at T.|qq. We begin to measure stress relaxation at 10 
minutes, at which time the T^qq samples have considerably less 
free volume than the T^^ samples and show correspondingly lower 
values of percent stress relaxation. Within the time frame of the 

The reader realizes that once a sample Is quenched to Tp from T.-^ 
it starts to undergo aging at this lower temperature. However, since 
the stress relaxation test is done almost immediately after quenching 
the sample to T. (aged not more than 1-4 minutes), such aging should 
be Insignificantly small and is therefrre not considered here. 



experiment, 10 to 10,000 minutes, those samples aged at T^qq are already 
approaching their equilibrium free volume whereas those samples aged 
at are still losing free volume at an appreciable rate, producing 
greater decreases in stress relaxation with time, that Is, physically 
aging to a higher degree. As shown by extrapolations beyond 10,000 
minutes in Figure 14C, T^qq samples are nearly at their equilibrium 
volume at very long times. The samples, however, continue to lose 
free volume at a greater rate, the end result being that their final 
free volume at Infinite time will be significantly smaller than the 
equilibriitn free volume of samples aged at T^qq. In regard to mech- 
anical properties for the case In point, one might anticipate that a 
sample aged at for infinite time will be much more brittle (at Tj^) 

than one aged at T^qq for the same amount of time but tested at Tj^. 

Having discussed the aging properties of the bulk resin, the aging 
behavior of the composite can now be considered. A comparison of the 
percentage of stress relaxation in the tensile mode of carbon fiber/ 
NARMCO 5208 composites has been made to that of the bulk resin as shown 
in Figure 15. The sub-T^ annealing has been done at room temperature 
('\^5**C). The percentage of stress relaxation for the uniaxial composite 
Is expected to be dependent on the test direction relative to that of 
the fiber axis. We have performed the test in both the direction per- 
pendicular to the fiber axis (J_) and parallel to the fiber axis (j '). 
Although the pure resin shows a considerable amount of aging with time, 
the composite may or may not display aging, depending on the test 
direction. In the test carried out in the direction perpendicular to 
the fiber axis (_[), the samples show a distinct change in properties with 



timt. This Is btcause In this dirtctlon tht conposltt bthavts with tht 
matrix and fibers In series. That Is, while tiM graphite matrix nay not 
show any chance In properties with time, because the resin does have 
time dependent characteristics, the system as a whole would show 
kinetic effects. The absolute value of the relaxation for the per- 
pendicular sample at any given time Is approximately half of that for 
the pure resin. This Is probably due to the fact that the volume 
fraction, of the resin In the NARMCO composite Is also about one 

The stress relaxation of the composite in the fiber direction Is 
noted to be very small. Moreover it is time independent. This is due 
to the fact that in the parallel direction, mechanical properties are 
dominated by the stronger graphite fibers. That Is, although the 
resin does undergo physical aging, the con^Msite does not change 
properties with time in this direction. Even the small percentage 
of stress relaxation exhibited in the parallel direction is believed 
to be primarily due to the small slippage of the extremely rigid samples 
in the grips of the sample holders. 

The effects of aging on the tensile stress relaxation of graphite/ 
Hercules 3501 composites are shown In Figure 16. The tests are again 
run In the parallel and perpendicular direction. The resin used In 
this composite has basically the same chemical structure as shown in 
Figure 10. The glass transition of the resin Is, however, much below 
that of NAIWCO $408 iflaterial and Is around **^5**C. The exact reason 
for the lower transition of this resin has not been disclosed to us 
but it could be due to a lower concentration of co-catalyst and/or 
less severe curing conditions. Whatever the reason, the resin is 



Itss fully cured and therefore has a lower transition as discussed 
earlier. The coaiposite shows basically the same trend as the NARNCO 
system in that it does not display any change in property with time 
when measured in the direction of the fiber (i.e. parallel). The 
stress relaxation behavior of the sample in the perpendicular direction 
is again time dependent indicating that aging properties of the resin 
are displayed in this testing direction. 

The results of determining physical aging using the flexural test 
are given in Figure 11. The samples were bent using a three«point 
set-up and the initial stress and the stress after a lapse of 10 
minutes were recorded. The testing was again done in two directions, 
"Across" and “Between", which correspond resoectively to parallel 
and perpendicular tensile tests (see Figure IIB). The results from 
this test not only support the earlier tensile results, but in 
respect to practicality, the ease of measurement as well as the 
accuracy of the results supersede the earlier tensile tests. The 
bulk NARMCO 5208 (pure) shows almost identical aging behavior to 
that of the tensile tests (compare Figures 15 and 17). In the 
flexural test in which the composite is bent against the fibers 
(direction A), which corresponds to the tensile test in the parallel 
direction, the sample displays zero relaxation which does not change 
with time. This is expected because in this direction the properties 
are controlled by the strong time independent graphite fibers which 
dominate the properties under these conditions. This result indicates 
that the small relaxations obtained in the tensile mode for samples 
in the parallel direction at all the aging times were probably due to 
the slippage of samples from the grips of the clamps. In the opposite 


dirtctlon (I.e. dirtctlon B)» which corresponds to tht ptrptndicular 
direction of the tensile test, the sample clearly shows physical aging. 

This is again due to the fact that In the testing direction the resin 
(matrix) plays an important role and thus Its aging behavior becomes 
apparent. The results of the tests In this direction are identical to 
that obtained via the tensile test (compare B In Figure 11 to that 
perpendicular In Figure 15) and again the absolute value of relaxation 
at any given time Is approximately one-half of that of pure resin. As 
mentioned earlier, this lower percentage stress relaxation of the composite 
is principally due to the fact that this composite contains about half 
as much resin * *^7). However, the fact that the rate of aging 

(slope of thellneB or slope of perpendicular test direction In Figures 
17 or 15, respectively) Is different could be related to the difference 
In the morphology of the resin In the composites. Such a difference 
could be due to the nature of the gelation front In the pure resin as 
compared to that In a composite matrix as recently discussed (18). 



SUMMARY 


Physical aging of tht rtsin In graphitt tpoxy basad composltts 
affects the material properties of the matrix. This pnysical aging 
behavior, which is dependent on the variation of the free voliene of 
the polymer resin with time, can be most noticeable when the testing 
is done in an appropriate direction. If the directional effect is 
not noted, a test might indicate no change in a property with time, 
whereas in actuality the resin has undergone aging and other ii^)ortant 
properties of the composite such as its toughness or impact resistance 
may also be affected in an undesirable manner. Stress relaxation in 
both the tensile and flexural modes provides a means of easily monitoring 
physical aging provided an appropriate testing direction has been chosen. 
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FIGURE CAPTIONS 


Figure 1. Stress -striln curves of imorphous PET aged at room teaveraturt 
for 10, 90, 1,000, 10,000 and 70,000 min. Note changes In 
yield stress, modulus, and characteristic draw ratio. 
References 7 and S. 

Figure 2. Stress-strain curves for a linear high molecular weight epoxy 
(AEP-d) aged at room temperature for 10, 100, 1,300 and 10,000 
min. Note changes as per Figure 1. Reference 10. 

Figure 3. Stress-strain curves for Epon 828 resin crosslinked with nadic 
methyl anhydride and aged at room temperature for 10 min. and 
56 days. Reference 11. 

Figure 4. Modulus vs. log time plots for Epon 828 crosslinked with 
PACM-20 by a two-stage curve. No significant differences 
are noted between "dry" samples and those subjected to 
moisture. Reference 10. 

Figure 5. Schematic plots showing changes In enthalpy and volume with 
changes In temperature. Dotted line Indicates the 
equilibrium state, which Is achieved only If the mats rial 
Is cooled Infinitey slowly. T« 1$ the temperature. 

Reference 1. ^ 

Figure 6. Plots of percent weight gain of methyl ethyl ketone vs. 

time Imaersed In MEK for an Epon ^8 resin cured with 
PACM-20. The rate of MEK uptake Is reduced with aging 
time as a result of decreases In free volume. Refer«ice 11. 

Figure 7. Schematic of a stress relaxation curve In which the stress 
needed to sustain a particular deformation decays with time. 
The calculation for percent stress relaxation Is described 
In the figure. 

Fl^re 8. Plot showing the linear decrease In percent stress relaxation 
with log aging time for Epon 828 cured with PACM-20 in a., 
one-stage reaction. It Is seen that the physical aging 
behavior of this material In the presence of moisture does 
not differ markedly from that in a dry environment. 

Figure 9. Plot of percent stress relaxation vs. log aging time for 
Epon 828 cured In one stage with PACM*20 and prepared 
In samples of different thicknesses. All data points 
fall on essentially the same line, suggesting that Internal 
stresses did not significantly Influence the natural 
physical aging In this case. Reference 10. 



Figurt 10. 
Figurt llA. 

Figurt 11B. 

Figurt 12. 

Figurt 13. 

Figurt 14A. 


Figurt 14B. 
Figurt 14C. 

Figurt 15. 

Figurt 16. 


OitiRictl structurts of RkAjor constitutnts of NARMCO 5208 
tnd Htrcults 3501 rtsins. 

SctMMtic drawing of tht fltxurtl tost dtvict including 
sanplt shtptt sanplt tnd rod positions, tnd aotlon of 
tht rods. 

SchOTBtic drawing showing tht authors' rotation for tht 
oriantation of tost dtvict rods and fibtr dirtction in 
fltxurtl ttst saaplts. 

DSC thtmograaB of NARHCO 5208 rtsin. Tht curing schtdult 
and tht thtrmal history of sampl as art dtscribtd in tht 
figurt. Tht htating rate is 10**C/minutt. 

Effect of annealing tamparaturt on tht aging behavior of 
bulk NAftfCO 5208 resin. The tests art in the tensile 
mode and e ■ 0.55. 


A schematic representation of vol ume-temperaturt behavior of 
a rtsin after a short annealing time. Points 1 and 2 refer to 
volumes of the glass at 100*C and T„ (25*C), respectively, 
inaediately after it is quenched from T^. 

Points A^qq and 82 ^ refer to volumes of the glass after a 


short period of time at 100 and 25"C. Point Aj- is the 
volume of the pol^r which was aged at 100"C fnnediately 
after it was quenched to T^. *[2 is the equilibrium second 
order transition temperature of^the resin. (The length 
of the arrows is prooortional to the changes in volixee). 


The same as 14A except after a longer annealing time. 
Prime is used in A'._, A',, and B',e to indicate longer 
annealing times. 

The dependence of the absolute value of the change in 
volume of the resin, |dV|, with time at 100*C and room 
temperature, |bV| ■ jV^ - V^|; is the voltmm of 
the polymer immediately after it Is quenched and V. 
is the voluM at time t. 


A comparison of aging behavior of bulk NARMCO 52C^ resin 
to that of the graphite fiber composite in the parallel and 
the perpendicular directions. The aging was done at room 
temperature; e ■ O.SS, and 0.25X, respectively, for the 
bulk and the composite. The tests arc in the tensile motto. 

A comparison of aging behavior of graphite fiber /Hercules 
3501 composite in the parallel i^o that in the perpendicular 
direction. The tests were (tone at room temperature with 
£ ■ 0.25S. 



Figurt 17. A coMparlson of tht physical aging of bulk NARMCO 5208 
rtsin to that of Its graphitt fibar composlta. Tha 
tasts wara dona In tha flaxural moda In d1 factions 
against tha fibar (A) and along tha fibar (B) (Saa 
Figura 11 for furthar dasci-lptlon of notation). 
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